Abstract-A coupled defected ground structure (CDGS) is presented which is synthesized by etching Von Koch fractal shape slot in the ground plane and series capacitive gap in the conductor strip. Unlike the structures loaded with complementary split ring resonators (CSRRs), the proposed structure can operate at very wide band. A UWB filter using the above structure is fabricated and tested. The relative bandwidth of the −10 dB return loss is 128% and the insertion loss is better than 1.5 dB except at high frequencies. The equivalent circuit model of the proposed structure is presented and the electrical parameters are also extracted. The circuit model results are compared with the simulated and measured results which verify that the equivalent circuit model is reasonable.
INTRODUCTION
Since the Federal Communications Committee (FCC) authorized the frequency band from 3.1 GHz to 10.6 GHz to be used for short-range wireless communications in 2002 [1] , the ultra-wideband (UWB) technology has been a research hotpot in the field of wireless communications. As an important part of UWB wireless communication system, UWB filters have been widely researched by many researchers [2] [3] [4] [5] . Presently, UWB filters are designed mainly based on two types of structures, double-layer coupled spurline and microstrip. The structure of double-layer coupled surpline is compact, but is complex and not easy to be modeled accurately, at the same, and needs fine fabrication techniques. The microstrip filter is generally of simple structure, however, of large dimensions.
CSRRs have been proposed as new constitutive elements for the synthesis of negative permittivity [8] [9] [10] . In microstrip technology, it has been demonstrated that one-dimensional LH metamaterials transmission line may be synthesized by etching CSRRs in the ground plane and series capacitive gaps in the conductor strip [9] . These structures have been improved (by introducing additional elements) and they have been applied to the design of compact planar filters with high performance and controllable characteristics [11, 12] . However the bandwidth is not enough for UWB applications. By etching ring slot in the ground, the wider bandwidth is achieved [7] .
Fractal technologies are often used to reduce the sizes of the antenna and the component [13, 14] . In this paper, a coupled CDGS is presented which is synthesized by etching Von Koch fractal shape slot in the ground plane and series capacitive gap in the conductor strip. The proposed structure can operate at very wide band and is used to design an ultra-wideband (UWB) filter. The equivalent circuit model of the proposed structure is provided here for insight into the operation mechanism of it. The planar circuit simulation software Designer is used in the design process and the circuit simulation software Serenade is adopted during the electrical parameter extraction process.
PROPOSED STRUCTURE AND EQUIVALENT CIRCUIT MODEL
The proposed structure is shown in Fig. 1(a) . The black area denotes conductor strip and the grey area denotes the ground plane. It can be seen that the proposed structure is a CDGS. When signal is input the slot line transmission model will be exited. It is well known that the slot line is a type of broadband transmission line, which is suitable for broadband application. On the other hand, if fractal technology is used for the slot line, the whole dimensions of the component can be reduced. Here, the Von Koch fractal curve is adopted. The Von Koch fractal shape slot is the result of the second iteration of the Von Koch curve [13] . The original curve is equilateral triangle with the side length of a. All the iterations are circumscribed inside a circumference of radius r = √ 3a/3. On the other hand, the perimeter increases at each new iteration. The overall perimeter for iteration is given by
The circuit model of the proposed structure is displayed in Fig. 1(b) . In this model, C s is accounting for the slot capacitance under the conductor strip, L s is the line inductance, C g is the gap capacitance and C is the coupling capacitance between the line and the part surrounded by the Von Koch fractal shape slot. The Von Koch fractal shape slot resonator is described by means of a tandem tank, L p and C p being the reactive elements and R accounting for losses. Two sections of microstrip line are used to compensate the phase response in the proposed structure. 
ILLUSTRATIVE RESULTS
The Rogers5880 substrate board with thickness 0.508 mm and relative dielectric constant 2.2 is used in the whole design process. In order to obtain good transmission flatness performance, the stepped transmission line is used and the dimensions are as follows: l 1 = 2 mm, w 1 = 1.6 mm, l 2 = 3.5 mm, w 2 = 2.4 mm, l 3 = 1.3 mm, w 3 = 3 mm, l 4 = 2 mm, w 4 = 8 mm, l 5 = 1.1 mm, w 5 = 3 mm. Both gap separation dg and fractal shape slot width df are 0.2 mm and the diameter D of the circumference which circumscribes the Von Koch fractal shape slot is 16 mm. To demonstrate the viability of the equivalent circuit model of the proposed structure, we have applied it in circuit simulation software Serenade to the determination of the electrical parameters shown in Fig. 1(b) . By matching the S parameters of the circuit model to the simulation ones of the proposed structure in Designer, the ethe electrical parameters of the equivalent circuit model are extracted as follows: L s = 1.11 nH, C s = 6.76 pF, C g = 2.06 pF, C = 0.14 pF, L p = 0.04 nH, C p = 2.88 pF, R = 1.19 kΩ, p = 11.5 mm. And the length of each microstrip line section is 12.5 mm. For convenient measurement, a microstrip line section is added to each port of the proposed stricture, which can be seen in the fabricated prototype in Fig. 2 . The simulated, circuit model and measured S parameters are compared and displayed in Fig. 3 . It can be seen that the measured and simulated results agree well with each other except at attenuation poles and at about 13.2 GHz. The circuit model results agree well with the measured and simulated results except at low frequencies. It is possible that the proposed structure operates at different manners in such wide bandwidth and the circuit model is not always accurate. But the circuit model still provides for us the main operation principle of the proposed structure. By measurement results, the −10 dB return loss bandwidth is from 2.5 GHz to 11.4 GHz with relative bandwidth 128%. In this frequency bandwidth, the insertion loss is better than −1.5 dB except at high frequencies. The relative large insertion loss is mainly attributed to radiation loss. Since the proposed structure is extended in the fabrication process, the measurement phase is needed to be de-embedded in order to compare with the simulated and circuit model results. Fig. 4 plots the simulated, circuit model and measured (de-embedded) phases. It is observed that the designer simulation, circuit model and measurement results are consistent with each other except at low and high frequencies for circuit model. The possible reason for the discrepancy is mentioned above. The measured group delay is shown in Fig. 5 . It can be seen that the group delay fluctuation is less than 0.1 ns in the bandwidth of interest, which is beneficial to narrow pulse applications. 
CONCLUSIONS
In this paper, we proposed a novel CRLH TL structure which is synthesized by etching Von Koch fractal shape slot in the ground plane and series capacitive gaps in the conductor strip. A UWB filter using the proposed CRLH TL structure is realized. The UWB filter has good performance in group delay, and has comparable dimensions with the UWB filter reported in some literatures but adopt low dielectric constant substrate. How to improve out-off-band performance is under investigation. The equivalent circuit model of the proposed CRLH TL structure is presented and the electrical parameters are also extracted. The circuit model results are compared with the simulated and measured results which verify that the equivalent circuit model is reasonable.
